Introduction
The Sahel greening and Congo rainforest browning observed since the 1980s suggest that 80 Africa has been undergoing significant changes in the structure, composition and 81 distribution of vegetation during recent decades (Eklundh and Olsson, 2003; Olsson et al., 82 2005; Jamali et al., 2014; Zhou et al., 2014) . In addition to influences from anthropogenic 83 activity (e.g. changes in land use), vegetation changes in the region have been linked to 84 changes in recorded climatic conditions, including the trend and interannual variability of 85 precipitation (Herrmann et al., 2005; Hickler et al., 2005; Olsson et al., 2005; Zhou et al., 2014) , 86 which in turn have been related to decadal-scale changes in regional circulation (Camberlin 87 et al., 2001; Giannini et al., 2003) . On longer timescales, anthropogenic climate change has 88 the potential to cause profound structural and compositional changes in vegetation over 89 Africa (Sitch et al., 2008; Scheiter and Higgins, 2009) . 90 Shifts in vegetation cover and composition in terms of the distribution of trees and 91 grasses and their seasonal changes (phenology) can impose significant forcings on the 92 physical climate system by modulating surface-atmosphere energy exchange and 93 hydrological cycling, resulting in biophysical feedbacks along with the climate forcings. The 94 type of vegetation alongside productivity-related structural aspects such as tree density and 95 leaf area index (LAI) are important determinants for surface albedo, roughness length and 96 evapotranspiration, affecting surface energy fluxes that in turn control lower boundary layer 97 thermodynamics (Eltahir, 1996; Brovkin et al., 2006; Bonan, 2008) . Biophysical feedbacks 98 operate locally and may also generate teleconnections via heat and moisture advection, 99 leading to altered atmospheric circulation (e.g. Avissar and Werth, 2005; Nogherotto et al., lakes, which are significant in controlling the development of weather events from the local-138 to meso-scale (Samuelsson et al., 2011) . RCA4 has been applied in a range of climate 139 studies worldwide (e.g., Döscher et al., 2010; Kjellström et al., 2011; Sörensson and 140 Menéndez, 2011). The land surface scheme (LSS, Samuelsson et al., 2006) (Smith et al., 2001) . This explicit, dynamic representation of vertical structure and landscape 159 heterogeneity of vegetation has been shown to result in realistic simulated vegetation 160 dynamics in numerous studies using the offline LPJ-GUESS model (Smith et al., 2001; Weber 161 et al., 2009; Hickler et al., 2012; Smith et al., 2014; Wårlind et al., 2014; Wu et al., 2015) . 162 Biophysical feedbacks have previously been studied in applications of RCA-GUESS to Europe 163 and the Arctic (Wramneby et al., 2010; Smith et al., 2011; Zhang et al., 2014) (Berrisford et al., 2009) , was conducted for the period 1979-2011. 195 The simulation protocol was designed to enable biophysical feedbacks of vegetation 196 changes to the evolving 21st century climate to be inferred. Three simulations were 197 performed to investigate vegetation-climate feedbacks under future climate change (Table   198 1). The first simulation included the vegetation feedback (FB). It was run for 1961-2100 in 199 coupled mode, allowing the effects of climate and atmospheric CO 2 concentration (the Our analysis focuses on the future period 2081-2100, comparing this with the present-day 212 (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . The climate change signal is inferred from the difference between the future 213 10 mean and the present-day mean in the NFB run. Vegetation feedbacks are calculated as the 214 difference between the future means of the FB and NFB runs. 231 To evaluate the model's performance for the present day, the simulated annual mean and 232 seasonality of 2-meter air temperature, precipitation and LAI are compared against the 233 observations ( Fig. 1 and Fig. 2 ). The simulated annual mean temperature ( Fig. 1a1 ) is 234 generally higher in northern-hemisphere (hereinafter "northern") Africa than in southern-235 11 hemisphere (hereinafter "southern") Africa. The model generally shows a cold bias in the 236 order of 1°C for northern and southern savannah ( Fig. 1a2 ), dominated by the northern 237 hemisphere summer (JJA, Fig. 2a1,2a3 ). Warm biases up to around 3°C occur in northern 238 Africa, and warm biases up to around 1°C in central Africa where the warm bias originates 239 mainly from summer ( Fig. 2a2 ). (Nicholson and Grist, 2003) . We compare the simulated circulation 274 and specific humidity at 850 hPa from the NFB run with the regional model against ERA- These may be traceable to the different convective schemes used in RCA and ERA-Interim, 282 exhibiting different diurnal cycle of precipitation over Africa (Nikulin et al., 2012) . 283 The simulated seasonality of LAI generally reflects the simulated seasonality of precipitation. 284 A systematic overestimation is apparent for savannahs, and a significant underestimation 285 for the central Africa rainforest area. These biases in LAI predominantly reflect the 286 corresponding biases in precipitation ( Fig. 2 b1-b3 and 2c1-c3). A stronger LAI bias in the 287 savannah is due to the presence of grasses, which are more sensitive to precipitation 288 changes in the model compared to trees.
Model evaluation

289
With present-day forcing, the simulated climate and vegetation patterns and phenology are 290 generally consistent with observations. Some of the biases in the simulated climate are 291 common to many RCMs (Nikulin et al., 2012) and they are apparent for some sub-regions 292 and seasons in our model. We conclude that the performance is adequate to capture the 293 main details of the African climatology, providing sufficient confidence for the subsequent 294 analysis of regional vegetation-climate interactions under future climate change. 295 296 In the NFB simulation, most of the African continent is simulated to be 4-6°C warmer by the 297 end of the 21 st century compared with present day (Fig. 3a) . The subtropics exhibit a slightly 298 stronger warming than the tropics, and land warming is slightly larger compared to warming 299 of the surrounding ocean surface as simulated by the CanESM2 GCM and represented in the 300 SST forcing fields prescribed from that model. These changes are fairly similar throughout 301 the year, except in Northern Africa and the Sahara, where the temperature increase is 302 particularly pronounced in the local dry season ( Fig. A3 .e-h). Precipitation is projected to 303 14 increase in most parts of the African monsoon area, western equatorial coastal area and the 304 eastern African horn ( Fig. A4 .e-h). A slight decrease is projected in the Congo basin and for 305 the southern part of the continent (Fig. 3c ). For areas with a precipitation increase, the 306 increase is mainly confined to the local wet season. The precipitation decrease over central 307 and southern Africa is apparent throughout the year (Fig. A4 .e-h). 308 Vegetation feedbacks (FB run) modify significantly the pattern and magnitude of simulated 309 climate change. The effects are largest in low-latitude areas where the surface temperature 310 increase is generally dampened (negative feedback), most notably in savannah areas and to 311 a lesser extent in the equatorial rainforest area (Fig. 3b ). The precipitation decrease is 312 enhanced (positive feedback), most notably over the rainforest area ( Fig. 3d) . 313 With the effects of climate change and CO 2 fertilization, future vegetation growth depicts an 314 enhancement not only of vegetation productivity in general, but also of tree cover in 315 subtropical savannah areas ( Fig. 4a ), displacing grasses and reflecting an increase in tree LAI 316 of 0.5-2.4 during the growing season (Fig. 4b ). This increase in tree cover reflects a general 317 rise in vegetation productivity driven by rising atmospheric CO 2 concentrations on 318 photosynthesis and water-use efficiency (Long, 1991; Hickler et al., 2008; Keenan et al., 319 2013) . Results from the FB_CC experiment in which CO 2 fertilisation was disabled reveal that 320 changes in climate drivers alone are simulated to have minor or opposing effects on tree 321 productivity and LAI due to reduced water availability ( Fig. A5.) , and that the changes seen in 322 tree cover and LAI in the FB run hence originate primarily from CO 2 fertilization. 323 Temperature feedbacks tend to be strong in areas of increased tree cover (Fig. 3b, Fig. 4a ). 324 The cooling effects from vegetation feedbacks are strong (approximately -2°C) throughout 325 15 the year, with the most pronounced cooling occurring in the local dry season ( Fig. A3 .i-l), 326 when the newly established tree (with larger root depth than grass) transpires water that is 327 taken up from the deeper soil layer. Transpiration from present-day grass is constrained by 328 the low moisture levels in the top soil layer. As a result, the evaporative cooling effect 329 becomes stronger when forest replaces open land. In the central African rainforest area, 330 where an increase in LAI of about 0.5-1 is simulated in FB run compared with the NFB run, 331 vegetation feedbacks on temperature are much smaller in the rainy season, but cause 332 cooling in the dry season. 333 Vegetation feedbacks on precipitation are also pronounced. For the southern hemisphere 334 savannah area, a slight increase in precipitation (approximately 10%, Fig. 3d ) was simulated, 335 which is caused by strengthened convective activity (which coincides with enhanced 336 radiation and latent heat fluxes) in the rainy season (DFJ, Fig. A4.) . This can be considered as 337 a local effect of tree LAI increase. However, changes in precipitation are not restricted only 338 to the areas where tree cover increases (Fig. 3d, Fig. 4a ), which is suggestive of remote 339 effects on tropical precipitation. This is further investigated in the sections below. 341 Vegetation feedbacks on temperature in our simulations operate mainly via an increased 342 surface area for evaporation and a stronger coupling to the atmosphere as tree cover, root 343 depth and LAI increase relative to grasses, most notably in savannah areas, resulting in a 344 shift of the evaporative fraction (ratio of latent heat flux to turbulent heat fluxes) and an 345 increase in surface roughness length. Overall, the turbulent heat fluxes increase, which 346 tends to cool the surface and the lower atmosphere, exceeding the opposing (warming) 347 effects of increased vegetation cover on albedo, thus resulting in an overall cooling effect. 348 Similar behaviour was seen in southern Europe in a previous study with RCA-GUESS 349 (Wramneby et al., 2010) . 350 The variability of precipitation over Africa is greatly influenced by the moisture advection Fig. 5; Fig. ) . The sensitivity of ∇φ to ∇T, depicted as the slope in Fig. 5 , is 362 generally maintained in the future, with a slight decrease in the sensitivity for DJF and a 363 slight increase for MAM. 364 Under the NFB future simulation, ocean-land contrast becomes larger (the absolute value of 365 ∇T increases by about 0.5-1°C, Table A2 ) as land temperature increases more than the GCM-366 simulated increase in SSTs provided as forcing to the regional model (Fig. A3.) . Differential As a result, except for SON, ∇φ is generally simulated to increase in the course of the 371 simulation ( Fig. ) , with the largest shift occurring in MAM (11.96 m 2 s -2 by the end of 21 st 372 century, Table A2 ). For SON, ∇T increases but ∇φ does not, suggesting that the trend of ∇φ 373 under climate change is associated with the GCM-derived boundary conditions, despite the 374 strong regional coupling with ∇T in terms of variability ( Fig. ) . 375 In contrast, the increase in the ∇T is dampened considerably when incorporating interactive 376 vegetation. The resulting reduction in ∇T offsets ∇φ uniformly and statistically significantly 377 for all seasons, generally counteracting the climate change effect on ∇φ (Fig. 5 , Table A2 ). , 2001; Nicholson and Grist, 2003) . RCA-GUESS reproduces this pattern with a realistic 390 magnitude (Fig. 6, Fig. 7, Fig. 8, Fig. 9 ) when compared with previous studies based on 391 reanalysis data (Camberlin et al., 2001; Nicholson and Grist, 2003) . 392 18 In the NFB future simulation, equatorial westerlies are strengthened throughout the year 393 both over ocean ( Fig. 6 ) and over land (Fig. 7) . Changes in wind speed (∆u) can be explained 394 by changes in the low-level pressure contrast between land and ocean (sect. 3.3), where 395 strengthened ∇φ leads to enhanced u, especially for MAM when the zonal pressure contrast 396 prevails (Table A2 ). Atmospheric specific humidity in the lower troposphere near the equator 397 also increases by around 10%-20% for MAM and SON, extending from the ocean to inland 398 along the equator (Fig. 8cd; Fig. 9cd ). Meanwhile, changes in future rainfall are apparent 399 along the equator, with increases over the equatorial coastal or inland areas (Fig. A4.) , 400 concurrent with stronger moisture inflow to land in the low-level troposphere ( Fig. 8cd; Fig.   401 9cd). 402 Vegetation feedbacks are simulated to weaken the climate change enhancement of the 403 Walker circulation, resulting in a weakening of the equatorial westerlies and counteracting 404 the effects of climate change alone (Fig. 6i-l and Fig. 7i-l; Fig. 8ef and Fig. 9ef ). These changes 405 correspond well to changes in low-level ocean-land geopotential contrast ∆∇φ with the 406 biggest impact for MAM and SON ( Table A2 ). The weakened Walker circulation is also 407 represented as suppressed vertical uplifting motions over central Africa (Fig. 8f and Fig. 9f ). 408 Atmospheric specific humidity at 850 hPa is reduced by approximately 7% due to vegetation 409 feedbacks which are comparable to the contribution of climate change (Fig. 8ef vs. Fig. 8cd ; 410 Fig. 9ef vs. Fig. 9cd ). 411 Analysis of the moisture flux convergence also confirms the impacts of a weakened Walker regions. This divergence is similar for both MAM and SON but the effect is slightly stronger 415 for SON, which also corresponds to reduced humidity for these areas (Fig. 8e-f; Fig. 9e-f ). 416 The changes in precipitation show a distinct spatial and temporal pattern with changes in 417 the rainbelt area (defined as 2mm day -1 contour with 10-days smoothing, Fig. 11 ). Under 418 future conditions, the rainbelt, which follows the ITCZ excursion, shifts around 3° northward 419 during JAS (Fig. 11a) . As a result, rainfall intensity increases from May to October, with the 420 most pronounced increase by more than 30% relative to present-day levels of around 2 mm 421 day 1 on the margins of the rainbelt. The rainy season becomes longer for Sahel (+9 days) as 443 We investigated the coupled dynamics of climate and vegetation over Africa under a future 444 climate change scenario, applying a regional-scale ESM that dynamically couples a dynamic 445 representation of vegetation structure, composition and distribution to a physical climate 446 model at a comparatively high grid resolution. Uniquely among existing studies of climate 447 dynamics for Africa, this enabled us to isolate the regional biophysical feedbacks, which are 448 usually not easy to disentangle in a global application in which the effects of changes in 449 carbon-cycle and large-scale circulation tend to compound the biophysical effects. 450 In comparison with global ESMs, the added value from the regional ESMs lies in the 451 enhanced resolution obtained in a regional setup as presented in this study, allowing for a 452 more detailed representation of local surface features such as topography, land use, 453 vegetation change, and consequently possible related feedbacks, and also enhancing the 454 model's ability to capture climatic variability and extreme climatic events (Giorgi, 455 1995; Rummukainen, 2010 Rummukainen, , 2016 . Improvements in the representation of local processes 456 may be expected to result in improved larger scale features (e.g. sea level pressure, 457 circulation patterns) (Diffenbaugh et al., 2005; Feser, 2006) . 488 The land-ocean contrast is an important driver of continental precipitation, as it determines 489 the transport of moisture from ocean to land (e.g. Giannini et al., 2003; Giannini et al., 490 2005; Fasullo, 2010; Boer, 2011; Lambert et al., 2011) . The positive trend in Sahel rainfall over 491 recent decades is a good example of linking moisture transport to land-ocean contrast, 492 where changes in SSTs over adjacent tropical oceans around Africa are key to the fragile 493 balance that defines the regional circulation system (Camberlin et al., 2001; Rowell, 494 2001; Giannini et al., 2003) . Land-surface feedback is found to modify the interannual to 495 interdecadal climate variability in this region by vegetation-induced albedo or 496 evapotranspiration effects (Zeng et al., 1999; Wang et al., 2004) . In our study, the SSTs were 497 prescribed from GCM-generated data, therefore the altered land-ocean thermal contrast 498 between simulations with and without feedback originated solely from the changes in land 499 surface temperature, in turn attributable to vegetation dynamics. Although this represents a 500 land-forced mechanism in contrast to an ocean-forced one inferred in other studies (e.g. increases local precipitation, our study in advance presents a remote effect induced by 520 vegetation feedback over the African wet tropics that may not be easy to capture in a 521 smaller simulation domain. A larger domain including sufficient adjacent ocean could 522 enhance land-ocean interaction through changes in regional circulation and allow regional 523 teleconnection features, e.g. the influences of the tropical Atlantic on rainfall in Guinea 524 Coast and central Africa (Camberlin et al., 2001; Nicholson and Grist, 2003) , and link 525 between the Mediterranean Sea and Sahelian rainfall (Rayner et al., 2003), to develop. 526 Despite biases in the present-day precipitation and vegetation state (LAI) for some regions, 527 our model was able to reproduce the present-day land cover type, and the simulated 528 24 present-day climate is close to previous study (Nikulin et al., 2012) using the same physical 529 sub-model with observed land cover type. Under future climate change, vegetation-induced 530 changes in circulation, thus a substantial change in moisture transport and precipitation, are 531 mainly triggered by changes in land cover type (Fig. 4a) , therefore, we argue that the 532 influences from biases in initial conditions on such mechanism found in this study should be 533 limited. Our study used prescribed SST forcing from a GCM and could thus not account for 534 additional or opposing feedbacks mediated by ocean dynamics. However, as the ocean heat 535 capacity is relatively large and variation in land-ocean thermal contrast can be greatly 536 buffered by ocean heat uptake (Lambert and Chiang, 2007) , we suggest that results should 537 not change fundamentally if a dynamic ocean component was introduced to the model. 538 539 We investigated the potential role of vegetation-mediated biophysical feedbacks on climate 540 change projections for Africa in the 21 st century. In current savannah regions, enhanced 541 forest growth results in a strong evaporative cooling effect. We also identify alterations in 542 the large-scale circulation induced by savannah vegetation change, resulting in remote 543 effects and modulation of tropical rainfall patterns over Africa, favouring savannah 544 ecosystems at the expense of equatorial rainforest. Our results point to the potential 545 importance of vegetation-atmosphere interactions for regional climate dynamics and trends, 546 and motivate the incorporation of vegetation dynamics and land-atmosphere biophysical 547 coupling in regional models. This has become the standard in global climate modelling, but 548 remains rare in regional climate modelling. 549 25 Future work can include detailed studies on the role of vegetation feedbacks in the regional 550 climate projections with respect to shorter-term dynamics such as climate variability and 551 extreme events, which may have crucial implications for landscape processes such as 552 wildfire. Regional and global biogeochemical feedbacks on future climate change may be 553 triggered by regional biophysical feedbacks, with implications for regional climatic trends, 554 variability and seasonality under future greenhouse forcing (Zhang et al., 2014) . Impacts on 555 the carbon balance of semi-arid ecosystem like savannahs, known to respond sensitively to 556 variations in rainfall (Ahlström et al., 2015) may be particularly relevant to address for Africa. 557 The development of regional ESMs to account for the impacts of land use interventions such 558 as afforestation and reforestation, as well as forest clearing, grazing and fire management 559 may be a valuable next step, enabling land surface-atmosphere interaction studies linked to 560 socioeconomic scenarios and climate change mitigation strategies. 570 In RCA-GUESS, the LSS in RCA is coupled with LPJ-GUESS, which feeds back vegetation 571 properties to RCA. RCA provides net downward shortwave radiation, air temperature, 572 precipitation to LPJ-GUESS. In return, LPJ-GUESS provides daily updated LAI and the annually 573 updated tile sizes (determined from the simulated maximum growing season LAI summed 574 across tree and herbaceous PFTs in the previous year (Smith et al., 2011) ). In the forest tile 575 in RCA, vegetation cover in this tile is estimated as the foliar projective cover (FPC) using 576 Beer's law:
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Appendix A: Description of the coupling between RCA and LPJ-GUESS
where LAI tree is the aggregated LAI of woody species, simulated by LPJ-GUESS in its forest 580 tile in which vegetation is assumed to comprise trees and understory herbaceous vegetation.
581
The natural vegetated faction of the open land tile was calculated similarly: : u zonal is the averaged zonal wind speed for the pressure levels 850, 925 and 975 hPa between 3.5°N-6.5°N and 0-10°E; 639
The positive represents westerly and the negative represents easterly. 640 *: Changes are significant at 95% confidence level using Mann-Whitney U-test (Hollander and Wolfe, 1999) . 641 642 643
